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Abstract
The goal of the project was to develop a new method for measuring the burning rate
characteristics of solid rocket propellants. Specifically, the aim was to determine if an
ultrasonic transducer could provide accurate information about a burning cylinder of
propellant. Traditional methods, such as timing wire strand burners, had some limitations,
which the ultrasonic transducer could overcome. Use of sound waves, however, also imposed
new restrictions and difficulties. Overall, the project was a success. Measurement by
ultrasonics proved to be a very promising area of research, mostly because the ultrasonic
transducer can generate an entire burning rate vs. pressure curve in one test.
Communications with other researchers have shown, however, that the problem is more
complex than was expected. More work in the area of uncertainty analysis is required,
although preliminary data from actual tests should be available by September 1997.

Introduction
Basics of Solid Rockets
Solid rockets are very simple machines. Propellant, in the form of solid crystals,
burns at a high rate in the combustion chamber. The resulting gases rush out the back of the
rocket, accelerate through a nozzle, and discharge into the ambient air. Once lit, the motor is
difficult to throttle up or down. The thrust depends primarily on the burning rate
characteristics of the propellant and the geometric configuration of the motor. Figure 1 is a
sketch.

Burning Propellant and
Combustion Chamber

Nozzle

Figure 1: Diagram of Solid Rocket

Engineers can effectively control only two variables when designing a rocket:
propellant formulation and motor configuration. The burning characteristics of propellants
in turn depend on chemicairingredients, pressure, initial temperature, and aerothermochemistry in rocket motors'.
The design of combustion chambers and nozzles is a diverse science which comprises
structural stability, fluid dynamics, heat transfer, and many other areas of engineering. It is
far too complex a field to cover in the course of a single project. Thus, the remainder of this
paper will be devoted to the testing of propellants, without consideration of how designers
might use them in specific engine configurations.
Specifically, this paper will summarize a current method of testing solid propellants
and then present some preliminary ,results of a new method involving ultrasonic pulse-echo
measurement.

Burning Rate
Combustion of solid materials is an almost intractably complex phenomenon, which
does not readily lend itself to u priori reasoning. All theoretical descriptions to date have
relied on simplifying assumptions that may or may not be acceptable, and mathematical
models have not yet become reliable enough to satisfy most motor designers2.
One very common simplifying assumption is that solids always burn normal to a flat
surface. Experimental observations actually back up this assumption, particularly with a class
of materials called double-base propellants'. A combustion process that follows the
I

assumption works in three steps:
Heat from combustion melts and vaporizes propellant on the burning surface.
The newly vaporized gas moves away from the surface.
The gas combusts, which provides more heat to vaporize even more propellant on the
surface".
Figure 2 is a diagram of the mass and heat flow of a typical strand during
combustions.
Combust
I

I

Surface
Burning Direction

Figure 2: Heat and Mass Flow in a Burning Solid Strand

The advantage of a he-dimensional model is that engineers can define a burning rate
in the units of velocity (distanceltime). For example, a propellant under certain conditions
may burn at a rate of 112 inch per second. That means that the propellant surface regresses
one full inch every two seconds. Given the density and shape of the motor, designers can
estimate a mass flow rate for a rocket at any given time. (Mass flow rates relate directly to
thrust and efficiency in rocket motors.)

Pressure Sensitivity and Stability
As mentioned above, many variables affect the burning rates of solid propellants.
One of the most important variables is the pressure at which the propellant bums.
According to empirical measurements, burning rates of propellants generally follow
an exponential curve with respect to pressure, at least over moderate ranges. That is,
r = aPn

Where P is pressure, r is the burning rate, and a and n are
constants which depend on the initial temperature and
composition of the propellant.

This is commonly known as St. Robert's Law6.
Some propellants are relatively insensitive to pressure changes over wide ranges7. Socalled plateau propellants have pressure exponents ("n" in the equation above) that are near
zero. Other types of propellants are very sensitive to changes in chamber pressure, and thus
have large pressure exponents. Figure 3 shows some typical r vs. P behavior on a logarithmic
plotX.
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Figure 3: Burning Rate vs. Chamber Pressure for Several Types of
Propellants

For non-plateau propellants, the pressure exponent is simply the slope of the line on a
log-log, r vs. P plot. Plateau propellants do not have a single pressure exponent, but rather
several exponents over small pressure ranges.
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For non-plateau propellants, the pressure exponent is simply the slope of the line on a
log-log, r vs. P plot. Plateau propellants do not have a single pressure exponent, but rather
several exponents over small pressure ranges.
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Pressure exponents are critical factors in rocket design. As n approaches unity, a
catastrophic feedback loop can occur:
A small pressure rise will cause the burning rate to go up.
This causes a higher mass flow rate, m , from the surface of the propellant.
The increased mass flow causes the pressure to go up even more.
The burning rate goes up, and the cycle starts over again.
This cycle of increased pressure --> increased burning rate--> increased pressure, etc.
will continue and cause severe fluctuations in the pressure of the combustion chamber. At
best, this makes for inefficient and variable thrust. At worst, the combustion chamber can
reach its structural limits of either temperature or pressure, and the engine will burst.
Hence, the pressure exponent of the propellant must always be less than one for
combustion to be stable" If n c I, small changes in pressure will damp out. If n > 1, small
changes will start the feedback loop. In practice, designers generally select propellants that
are well below the theoretical stability limit, (n < 0.7)"'. Figure 4 is a plot of three types of
propellants: stable, unstable, and borderline".

---- -

Stable (n=0.5)
Unstable (k1.5)

n=l

Pressure

Figure 4: Mass Balance Showing Stability Criterion

Because solid combustion is so complex, empirical methods are almost always
necessary for determining burning rates and pressure exponents. The following section
contains an example of a current procedure, and an introduction to the ultrasonic method of
measuring burning rates.

Experimental Methods- Overview
Timing Wire Method
One of the most common ways to measure propellant burning rates is to use the
timing wire method in a Crawford-type strand burner. Ongoing work at the Propulsion
Research Center involves such procedures". The timing wire method has several advantages,
notably its low cost and simplicity, but it has several disadvantages as well. It is a very
common technique for collecting preliminary data on new solid propellants.
The basic structure of the timing wire method is to use wires strung through the
propellant at a set distance from each other. The wires are each in series with a resistor and in
parallel with each other, with a current source providing electrical power through the system.
An ignition system lights the sample on top, and the sample starts burning toward the
base of the sample holder. A voltmeter registers a voltage drop as each wire burns through.
The data acquisition system can therefore record the time at which the flame reaches each
timing wire, and, knowing the distance between each wire, it is possible to calculate the
burning rate of the propellant.
Figure 5 is a sketch of the layout of timing wires, resistors, and gauges.

Voltmeter

I

Figure 5: Equipment Configuration in Timing Wire Method

The timing wire method depends on a steady-state assumption. That is, transient
effects due to pressure changes must be small enough that they do not affect the burning rate
over the small distance between timing wires. This may not be such a good assumption,

depending on the propellant and the configuration of the strand burner, or bomb. Pressure in
the bomb almost invariably rises as the strand combusts. Surge tanks and constant-purging
mechanisms may help to stabilize the pressure, but no system is perfect. Changes in pressure
can cause inconsistencies, since the timing wire method essentially measures the average
burning rate between two wires, not the burning rate at any given instant.
Figure 6 contains a plot of digital data from a burning strand. The line on top,
referenced to the right vertical axis, is the pressure in the bomb. Note how it surges between
timing wires. (Figure 6 is a test with only two timing wires.)

-

-.
Timing Wire 1
Pressure
+. ll!,!.

-

t-A'

1

I

I

-.

I.

1.

Timing Wire 2

-.

b

-.
I

I

I

Time (s)

Figure 6: Digital Data From a Timing Wire Test (APIHTPB Propellant)

The burning rate from the test in Figure 6 would be Ax/At, where Ax is the distance
between timing wires one and two. The pressure would be the average pressure over the
interval At. But does the experiment really reveal the burning rate? It definitely measures
some phenomenon, but at what pressure? In order to state that the average burning rate is at
the average pressure between wires one and two, the burning rate would have to vary linearly
with pressure. St. Robert's law says differently- burning rate should vary exponentially with
pressure. Whether the linear assumption holds depends on the definition of a "small"
change in pressure.
For example, Figure 7 is a plot of burning rate vs. pressure, with a marking for the
burning rate as measured in the timing wire method. If the scale is small, the error between

calculation and reality is not large. If the scale is large, representing a large pressure surge
over the course of the test, then the experimental error can be quite significant.

Actual Burning Rate at
Average P

Pressure
Figure 7: Experimental Error Due to Pressure Variations

Another limitation of the timing wire method is that it returns the burning rate at only
one pressure per test. Engineers often want to know the behavior of a propellant over a wide
range of pressures. Also, the combustion mechanism may change at certain pressures, and
timing wire testing is essentially a hit-or-miss phenomenon. If an experimenter does not
conduct a test at the exact pressure at which a mechanism shift occurs, then the shift will not
show up in the data.
More sophisticated methods of determining propellant burning rates have recently
come into use, and they may help to overcome the limitations of the timing wire method. A
study of ultrasonic transducers is under way at the Propulsion Research Center. Sophisticated
instruments such as these can measure the location of the propellant burning surface almost
instantaneously, with the only limitations being the speed of data acquisition and the
roughness of the surface itself. Thus, the burning rate is not an average value as in the timing
wire method, but rather an immediate one. The transducer can operate in a wide range of
pressures in a single test, and the combustion conditions in the ultrasonic method more
closely approximate conditions inside a burning rocket motor.

Ultrasortic Metlt od
Ultrasonic transducers perform two functions. They emit an energy (sound) wave
and detect a reflection of that wave as it bounces back from various material interfaces. The

calculation and reality is not large. If the scale is large, representing a large pressure surge
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roughness of the surface itself? Thus, the burning rate is not an average value as in the timing
wire method, but rather an immediate one. The transducer can operate in a wide range of
pressures in a single test, and the combustion conditions in the ultrasonic method more
closely approximate conditions inside a burning rocket motor.

Ultrasonic Method
Ultrasonic transducers

two functions. They emit an energy (sound) wave

and detect a reflection of that wave as it bounces back from various material interfaces. The

time between emission and detection is the propagation time, z. If the transducer is pulsing
into a single, homogenous material, and if the wave does not become overly attenuated due to
absorption and scattering of sound energy1', then the distance to the material surface comes
from a simple expression.
Where c is the speed of sound of the material.

The transducer cannot rest directly against the propellant, however, because the
mixture of gases and heat from the burning strand would damage it. A coupling material is
needed as a barrier between the transducer and the propellant.
Any substance between the transducer and the propellant must closely match the
sonic properties of the propellant. It does not have to have the exact same sonic velocity, but
the coupling material I propellant interface must not reflect too much of the emitted sound.
If the interface is too reflective, then the wave might not have enough energy to register
another echo when it reaches the burning surface. Moreover, severe attenuation might result
if the coupling material absorbs too much sound energy. The sound pressure of a plane wave
in a medium is ideally an exponential function that c~rrespondsto a material constant, a.
Where x is the distance into the material,
and p is the sound pressure.
One potential coupling material, which researchers at the French OfSice National

d'Etudes et de Recherches Atrospotioles (ONERA) have developed through trial-and-error, is
a castable epoxy resin loaded with pulverized silica. The silica mimics the effect of aluminum

in the propellant., and experimenters can modify the mixture depending on the type of
propellant they are working with. Sound propagates well in the epoxy, and the propellant I
epoxy interface does not reflect too much of the emitted wave Bubbles do appear in the
epoxy after casting, but pressure from the equipment eliminates most of the undesirable
echoed4.

1

If the burning rate is quasisteady, meaning that it reaches equilibrium quickly with
pressure changes, then the propagation time has a simple form:

Where e, is the thickness of the coupling material, e, is the thickness of the propellant,
c, is the speed of sound of the propellant, c, is the speed of sound of the coupling material,
and z, is the electronic system time delay.
Experiments using this form of analysis have proven to be at least as accurate as other,
classical experiments, but fast pressure variations compel the use of different methods of data

reduction''. In other words, the bomb in which the propellant burns should undergo a
moderate internal pressure rise, or else transient effects will dominate the procedure, and the
burning rate calculations will have considerable error.
Scientists at ONERA have been working successfully with ultrasonic transducers and
have been developing data reduction techniques since 1973. Traineau and Kuentzmann
proposed the following reduction formula for non-steady burning":
r

-!

The following is a list of variables, and Figure 8 is a diagram of the system.
e, : propellant web thickness burned

T, : final temperature

ePi: initial propellant web thickness

p : pressure

e, : propellant web thickness

p,. : final pressure

c,, : speed of sound of propellant at
reference

k, : pressure correction coefficient for

c,, : speed of sound of coupling material

I, : pressure correction coefficient for

at reference

propellant sound velocity
coupling material sound velocity

T : temperature

Transducer

1

Figure 8: Transducer, Coupling Material, and Propellant

All experiments to date at the University of Alabama in Huntsville have comprised a
quasisteady assumption, so the simpler equation has been adequate. Furthermore, knowing
the actual speed of sound in the propellant and coupling material has not been necessary, due
to the calibration procedure. Future studies will attempt an understanding of unsteady
burning, and other data reduction algorithms will be necessary then. See the next section
(Equipment Preparation) for information about calibration and data reduction.
One serious problem with ultrasonic measurement is that the speed of sound in
materials changes with temperature, pressure, density, and other factors. Even an homo-

genous material will have a variable speed of sound if one end of it is hot and the other is
relatively cold.
Studies of PMMA (plexiglass) hybrid rocket fuel showed that the velocity of sound
waves in the material changed from nearly 8800 ft/s to 3300 ft/s over a temperature range of
only 160°C. while the effects of pressure were completely negligible. Propagation time in a
material is ideally related to a temperature correction coefficient, kT, through a linear
equation1':
Where c,, is the speed of sound at a
reference temperature, T,.
Thermocouple studies of the same material showed that temperatures rose
significantly in PMMA at around 0.5 mm from the burning surface. I K Such data, though,
applied only to a slowly burning surface, and the PMMA conducted heat relatively well.
Other propellants, particularly those which burn at a high rate, have much better temperature
profiles.
Hybrid fuel regresses very slowly compared to fuels that have oxidizer embedded in
them. If the burning surface of the propellant regresses quickly enough, the rest of the
propellant strand does not have time to heat up, and the temperature layer is small. Serious
temperature effects are only apparent within 30 pm of the burning surface in many solid
propellants'".
In general, the temperature profile in a homogenous solid follows an exponential
relationship'":

-rx
T-T.
k
I
- e11* -Ti
Where Ti is the initial temperature, r is the burning rate, x is the distance from the
burning surface, T,, is the sucfClce temperature, and k is the thermal conductivity of the
material.
High burning rates therefore have mixed effects on ultrasonic measurement. They do
cause inaccuracies, since faster regression means shorter sampling times. Nevertheless, a high
burning rate causes the temperature layer to be small, and consequently the change in sonic
velocity in the thermal layer will not affect the experiment as much as it will in a slowerburning situation. Ultrasonic techniques seem to be well-suited to modern propellants with
high burning rates.

Equipment Preparation

Experimerztal Apparatus
The following is a list of some principal components in the experiment. Figure 9 is a
diagram of the system.
ONERA signal filter and converter

Tektronics 465 analog oscilloscope

Panametrics V102 10110 Ultrasonic

LabView 4.0 data acquisition software

transducer

National Instruments AT-MI0 16F 5

66 MHz 486 PC

AID board

/

ONERA Signal
Interpreter

Figure 9: Diagram of the Experimental System

Basics of Ultrasorrics

q

Propellants are expensive. Anyone who wants to try new experiments on them should
make sure the experiment has a good chance of success before actually burning some of
them in the laboratory.
In a sense, the purpose of this project was not to obtain meaningful data about
propellants, but rather to establish a viable method for obtaining such data in the future.
Very few people had worked with ultrasonic measurements of propellants before, so the
equipment required an extensive "feeling out" period.
Probably the most important piece of equipment was the ONERA signal filter /
interpreter box. The box provided power to the ultrasonic transducer and received the signal

back from it. It had an RF output port and a trigger port for an oscilloscope. Using the
oscilloscope, an operator could set two masks, a gain, and a threshold value on the signal.
Finally, the box provided an output voltage, which, properly calibrated, represented the
distance to the interface between the propellant and the atmosphere in the bomb. Researchers
at ONERA have successfully used this box to measure the sensitivity of propellants to initial
temperature2'.
Ideally, the box should return a single voltage that represents distance, given a signal
from the ultrasonic transducer. Programming and directing the box to return an accurate
distance is by no means a simple procedure. The following is an outline of the steps needed
to operate the ultrasonic system:
Plug the RF output and trigger from the box into the oscilloscope.
Set the display on the oscilloscope to show the signal from the transducer.
Place mask 1 just past the internal echo of the transducer, and place mask 2 to the
right of the epoxy / propellant interface. The box will not register any echo peaks to
the left of mask 2.
Adjust the threshold and gain until the box registers the propellant / atmosphere
interface.
Calibrate the distance measurementZero the voltage.

-

Move mask 1 to the middle of the epoxy / propellant interface.
Adjust the gain until the voltage reads shows the length of the propellant
strand or some scaled factor thereof.

After performing the above procedure, the box should return either length or scaled
length of the propellant at any given time. If the data acquisition rate is fast enough, it is
possible to infer burning rate from the rate of change of distance. For a complete
experimental operating procedure, see Appendix A.
Figure 10 is an example of what the signal might look like on the oscilloscope. It is

*

just an illustrative graph; it does not represent any data from the laboratory.

Pulse

Mask I(Initial)

End of Prppellant

'

Mask 1
(Calibrated)

.
Mask 2

Figure 10: Signal from the Ultrasonic Transducer

Preliminary Tesis
One inexpensive way to test the apparatus and calibration procedure, in lieu of using
actual propellants and epoxies, was to construct a draining column of water with the ultrasonic
transducer on the bottom. The transducer would show the top of the column regressing at an
exponential rate as the water moved drained out a hole in the bottom near the transducer
surface.
It was possible to infer the height of the water column by knowing the dimensions of
the tube which held the water, and by knowing the volume of water in the tube. The column
of water simulated a slowly burning propellant, with a very small regression rate. Figure 11 is
a sketch of the water tube and transducer.

Draining
Bucket

Figure 11 : Water Column Test Equipment
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Transducer

Figure 12 is a plot of distance vs. time in a water column test, and Figure 13 is a plot a
regression rate vs. time in the same test. The sampling rate of the data acquisition system was

5 Hz, and the water column was 55 ml, which corresponded to a height of 2.28 in. The pulse
rate of the ultrasonic transducer was 1000 Hz (the slowest setting). The "distance" as
calibrated was the amount that the column had dropped. In other words, a 2.28 in. column
was "0 length" and the completely depleted column was "2.51 length."
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Figure 12: Distance vs. Time in the Water Column Test
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Figure 13: Regression Rate vs. Time in Water Column Test
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The water column test provided one more piece of data: the speed of sound in water.
If the calculated sonic velocity in water had not corresponded to published values, then the
test would have indicated a problem with the system.
For example, the volume of water in one of the tests was 100 ml. The diameter of the
tube was 1.24 in. Thus the height of the water column was

According to the ONERA box, the propagation time, z, to the water surface and back
was 176.3 ps. The speed of sound in water followed directly from distance and propagation
time:

This was close to a published speed of sound in water, which is 0.058 in/psZ2. The
calculated speed of sound was certainly within an acceptable range, especially considering
errors due to leakage and the lean of the water tube.
In conclusion, the transducer and related equipment performed well during the water
column tests. The water column tests provided both increased familiarity with the equipment,
and confidence in the ability of the equipment. The next step in the project was to calibrate
the transducer with epoxy and solid propellant. Burning rate vs. pressure curves would
hopefully be forthcoming.

Propellant %sting
Calibratiorr
When an ultrasonic transducer sends pulses of sound into a material, the speed of
sound in the material affects not only the calculation of distance, but also the calculation of
rate of change of distance (regression rate). Each mix of propellant and coupling material
will require a separate calibration. Using a "standard" sample for calibration will lead to
incorrect calculations of burning rates for other propellants.
To see this, consider two propellants with different sonic velocities. Also, assume that
the propellants burn at the same rate.

The real distance, x, at any given point in time, has two equivalent expressions:
x =a,z,

and

x =a,z,

*z2=-

7,

a2
Where a, and a, are constants that correspond to the speed of sound of a material, and

I
I

z, and z, are the propagation times.
Now consider that the propagation time changes with time. Figure 14 is an example

I

of two propagation times that might yield the same burning rate, depending on the speed of

I

sound in the materials. z2 is just a linearly scaled down version of z,

I

Figure 14: Propagation Time as a Function of Time

Thus, even though the regression rates are the same, the propagations times at any one
given instant are different. x(t) is the same for both strands, since they both regress at the
same rate.

Assume the ONERA box has a calibration responding to propellant 1. The box will
now calculate distance based on a linear formula.
I

x(t) = a,z(t)
The constant a, is an implicit constant having to do with the gain setting on the box.
It is not a known quantity.
Remember that materials I and 2 have the same burning rate. If material 2 burns in
the bomb, the box will obviously calculate an incorrect distance. Will further calculations
reveal the true burning rate, or will it be incorrect as well? The box returns a distance at any
point in time during the test:
Inferring the burning rate at any point in time ...

x(t) = a,.t2(t)

dqt)
a,
x(t) = a, -= a , - ~ , ( t ) a , ~ , ( t )t True burning rate.
dt
a

+

Therefore, without knowing the ratio a,/a,, it is impossible to infer the burning rate of
I

one material when the box is calibrated to a different material.

Pressure Ser~sitivity

*

A recent trip to France by Dr. Marlow Moser has revealed that the speed of sound in
the propellant is not entirely insensitive to pressure, as it is in pure PMMA. In order to
account for the pressure differential, the experimental procedure will require first pressurizing
the bomb and measuring the change in propagation time in the propellant, then repeating the
procedure for the coupling material. Only then can the test proceed.
Any complete test will therefore require not one calibration, but three. The author
has written a data reduction program that incorporates the pressure sensitivity into the data
reduction, but it requires information from essentially three tests. Note that the procedure in
Appendix A1 does not include the auxiliary pressure tests.

Evaluation and Conclusions

Uncertainty
Uncertainty due to end temperature effects was negligible. Consider a worst-case
scenario: Figure 15 is a burning propellant strand with a 50 pm (19.685 x
in) thermal
boundary. The strand is 0.5 in. long, and the speed of sound in the propellant is 2000 m/s
(78740 inls). This is a very fast speed of sound for an APIHTPB propellant2'.

Figure 15: Worst-Case Thermal Boundary Effects

To make the uncertainty even more significant, assume that the speed of sound in the
thermal boundary is infinite. It would be an exponentially increasing function in reality, but
a worst-case assumption would be for the thermal boundary to disappear altogether. Hence,
the speed of sound in it would be essentially infinite.
Assume that the box is calibrated in a 4:l vo1ts:inch ratio. That is, the full one-inch
strand would register 4 volts in the data acquisition system, while the half-burned strand
would register 2 volts. The difference between the strand and the strand with a thermal
boundary layer is completely negligible, even in this worst-case scenario:

1

Propagation time in homogenous sample:

*

Voltage in homogenous sample:

E = 2.000 V

Propagation time in sample with thermal layer:

.=2(

I

Voltage in sample with thermal boundary layer:

0.5in - 1.9685 x lo-"
= 12.65~s
78740in / s

(z).

2.000V = 1.992V

Such a small difference is completely negligible, especially when compared to
uncertainties due to uneven burning surfaces. The data acquisition system is only accurate to
0.0024V, and the propagation time readout on the box is only accurate to 0 . 1 ~ ~ .

The total uncertainty due to instrumental errors and other effects was definitely not
negligible, however. The experiment was very complex from an analytical standpoint, and
the whole notion of "uncertainty" could have several meanings in the system.
Bias in the length measurement from instrumental error was simple enough to
calculate. It was a root sum square formulation:

Where B, is the bias in the ultrasonic length measurement at any time; BDAuis the
accuracy of the data acquisition voltage recording; B,,, is the accuracy of the caliper used to
measure the length of the sample; and r is the gain in the output of the ONERA box (inN),
which is a result of the calibration.
An expression for bias in the pressure transducer followed a similar pattern:
8, = dB:, + Bj,,,, + BI., + Bt,..,

A list of variables follows:
B, : Total bias in pressure
measurement
B,,, : Bias due to digitization
B,,, : Accuracy of deadweight tester

B,,,,, : Published accuracy of pressure
transducer
: Accuracy of room barometer
Bhun,

(used for calibration)
Burning rate uncertainty and the total uncertainty over the course of the experiment
were significantly more complex. The uncertainty in burning rate, r, at any given point in
time derives from the expres~ion'~

Where U denotes uncertainty, r is the burning rate, and y's are the experimental
variables that affect burning rate measurement. n is the total number of variables that affect
the burning rate measurement, and p is the number of correlated pairs of variables. See the
test data sheet in Appendix A2 for a list of data taken durning each experimental run.
The first-order expression for burning rate (again, at any given point in time) comes
from a collection of two data points. Other expressions will be necessary for the final
analysis. See the next section for details.
r=- x2 - X I
t* - t,

r

Where x is the burned length of the propellant sample, and t is the time. The burning
rate therefore depends on four basic variables- two values of x and two values of t. Partial
derivatives of the burning rate are not elaborate:
ar - X, - x ,
-at, (t2-tJ

In addition, the two distances and the two times were correlated variables. A complete
expression for uncertainty in the burning rate at a given time is somewhat computationally
intensive, especially considering that a single test can encompass tens of thousands of data
points:

u2=

1

1

u;, +

(t* - t I I 2

(t2

-fl)

?

(x2

-XI)

(t2

- tl)

Uf?+

2

2

utl + ( X 2

(t* - t l )

ut2

Dividing this somewhat imposing equation by the burning rate makes it at least a little
more intelligible:

(

u:, + u;,; + u;' + u;,
= ( - ) - (t, - t,);

-

UI;U,?, - 2 U X I ux2
2
(t2 -ti)(x* - X I )

To make matters even worse, the uncertainty at each individual data point is not very
useful per se. An uncertainty in the constants of St. Robert's Law ( r = aPn) would be much
more profitable. Even for plateau propellants, this expression is invaluable in finding regions
of instability. If, for example, the measured pressure exponent (n) were 0.7 for a particular

*

propellant, but the uncertainty were 0.25, then the propellant would not be safe to use, as it
could potentially approach the instability limit of 1 .O.
Further studies into the uncertainty of the ultrasonic method are ongoing at the
Propulsion Research Center. New data reduction techniques are already in place, but a full
explanation of them would be beyond the scope of this paper. A full-scale testing procedure
and anaylsis method should be in place by the end of Fall 1997. See the next section for
further details and up-to-date notes.

Genera1 Notes

The following are some general issues that have developed during preliminary tests:
Coupling Material
A plasticized, castable epoxy has proven to be a sufficient material to use between the
transducer and the propellant. It tends to be bubbly, though, so a vacuum chamber is on
order for future tests. Attenuation due to the bubbles is relatively mild.

Pressure Sensitivity
Researchers at ONERA have assumed that the change in speed of sound of the
propellant is roughly linear with pressure. The constants k, and I, represent the sensitivities in
the propellant and coupling material respectively, and they are similar in form to the initial
temnperature sensitivity, k,.

,

C is the speed of sound, denotes propellant, P is the pressure, and

,.

denotes a

reference condition. The equation for I, is similar.
Using the same variables as before, the data reduction equation for web thickness
becomes

This web thickness becomes a new distance measurement in the standard Ax / At
calculation of burning rate.
-
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Uncertainty
The data reduction equation is therefore significantly more complex than the firstorder one from the previous section. The data reduction program which the author has
written can calculate uncertainty in any given measurement, given preliminary values for
basic variables such as z, At, etc. It does not calculate the uncertainty in the constants of St.
Robert's Law.
Ironically, the uncertainty in the burning rate appears to be much smaller than the
uncertainty in the web thickness. The variables of pressure and propagation time are

correlated variables, which means that their uncertainties can cancel each other out under
specific conditions.

Response Function
Frequency response functions demonstrate not only how a force acts on a system, but
also how cyclic shifts in a force can complicate its effects. Pressure on a propellant surface is
like a push to someone on a swing. One can push with a large force constantly, but never get
the passenger up to a high arc. Small forces at a specific frequency, however, can excite the
swing to very high motion. Likewise, the magnitude of pressure in the chamber may not be
as important as the frequency with which the pressure changes in time. Small pressure
fluctuations with just the right frequency can cause damage that large single pressure spikes
cannot. Engineers want to know these frequencies and design around them in rocket motors.
Two methods are available for measuring the frequency response functions of
propellants with an ultrasonic transducer. Researchers at ONERA believe them to be adequate
only at frequencies up to 100-200 Hz. Further research is ongoing at the Propulsion
Research Center.

In sum, ultrasonic transducers show promise in the field of combustion research.
Their primary advantage is that they provide near-instantaneous burning rate measurements
of propellants. Inside a closed burning chamber, a single test can map a propellant's burning
characteristics over a very wide range of pressures.
The problem of data reduction is a very complex one. The trip to France by Dr.
Marlow Moser has raised many issues about pressure sensitivity and uncertainty analysis. The
advice of the French, who have been using ultrasonics for 21 years, will probably be
invaluable in the UAH program of propellant testing. With luck and careful study, the
method of ultrasonic measurewent will become an integral part of propellant testingzs.

Experimental Procedure / Checklist:
1. At least 24 hours before the test, prepare the sample holder with epoxy and
propellant.
2. Ensure that all personnel in the laboratory have been briefed on the general
safety procedures, exits, and use of emergency phone and eye wash as
shown in the "Special Note on Laboratory Safety".
3. Turn on the main power supply on the control cabinet and ONERA box at
least 30 minutes before conducting tests. This will give the transducers time
to warm up.
4. Ensure that all personnel and transients are wearing proper safety clothing

and glasses.
5. Write the identifying items of the test on the data sheet (propellant name, test
number, date, etc.).
6. Prepare data acquisition system for operation.
7. Note data acquisition rate and file name on the data sheet.
8. Write down the zero pressure, as shown on the BOMB PRESSURE readout,

in psi, on the data sheet.
9. Write down other preliminary measurements on the data sheet (propellant

formulation, initial strand temperature, barometric pressure, etc.)
10. File or sand down any extra epoxy on the collar.
11. Smear some silicone grease over the transducer. Put it up against the epoxy,
and tighten it down. Attach the cable to the transducer.
12. Turn on the oscillbscope. Make sure you can read the echo signals for both
the epoxylpropellant interface and the end of the propellant. Remove the
cable from the transducer.
13. MAKE SURE THE BATTERY IS DISCONNECTED BEFORE YOU
CONTINUE.
14. Make sure everyone is wearing hearing protection.

15. Turn on the Cell 1 fan. Check the indicator light.
16. Tape two resistors to thd top of the propellant. Clip the battery clips from
inside the bomb onto the ends of the resistors.

17. Install collar in the base of the bomb. Put the cable on the transducer.

18. Close both test cell doors.
19. Plug the output voltage cable from the ONERA box into the board on the main

control cabinet.
20. Calibrate the ONERA box:
Plug the RF output and the trigger from the box into the oscilloscope.
Turn the rep rate on the box to either 0.2ms or 0.1 ms. (0.2 is more
common.)
Make sure the Automatic Gain Control (AGC) is off, and make sure the

+I- button is set to +.
Adjust the oscilloscope to show a full signal.
Turn the box to calibration mode.
Place Mask 1 directly after the internal interface echo.
Place Mask 2 directly after the epoxylpropellant echo.
Turn the box back to measurement mode.
Adjust the threshold to less than 4 volts, and adjust the gain to where the
box picks up the end of the propellant, and not some other echo or
interference. If the propagation time is longer then 100 ms, the box will
not register the echo properly.
Turn the box back to calibration mode.
Adjust Mask 1 to the middle of the propellantJepoxyinterface.
Turn the box to measurement mode.
Adjust the gain until the voltage meter at the upper right of the box reads
either the length of the propellant or some multiplier thereof. The data
acquisition system cannot read a value of more than 5V.
Turn on the AGC, if desired.

*

21. Perform the following steps in quick succession:
Start the data acquisition system.
Complete the batterylresistor circuit.
Once the propellant is burning, disconnect the battery.
Wait for the propellant to burn completely.
Turn off the data acquisition system.
22. Relieve the pressure in the bomb. Wait about five minutes for the cell to
'vent.
23. Open the test cell door.

24. Remove the cable from the transducer, and remove the sample collar from the

base of the bomb.
25. Remove any remnants of wires from the collar.
26. Spray the collar with a baking soda and water solution to neutralize any acids

left over from combustion.
27. Clean the collar thoroughly with acetone.

28. Certify that the lab is in clean and safe condition before continuing another

experiment or leaving the laboratory. If this is the last test of the day, clean
the bomb thoroughly in the same way you cleaned the collar.

Appendix A2: Test Data Sheet
Date:
Data Filename:

Test:
Propellant:
Accuracies:

= (0.001in)

Caliper (Bcalip)
Barometer),,B
,(,
Pressure digitization B
(),

= (0.005psi)
= (0.7 psi)

Dead-weight tester B
(),
= (0.05psi)
Pressure transducer B
(),,
= (3.3psi)
DAQ voltage precision (BDAo)
= (2.4mV)

Pre-Test Measurements:
Strand To=
Ultrasonic Transducer # =

P Transducer #:

Room Temperature =

Zero P:
Barometric pressure =
Initial length of sample (I,)=

Notes:

Test Measurements and Calculations:
Calibration:
AGC? n y
(innl):

On

Final propagation time (4):

Initial propagslfion time (ti):
Transducer pulse rate:

Voltage gain,

'i
Speed of sound = c = -

t, - t i

Pressure Uncertainty:

Distance Uncertainty:

B,= B,,=JB,

2

+B,,~+B,

2

+B,2

==

r
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